Abstract-We present bottom-emitting tunable vertical-cavity semiconductor optical amplifiers (VCSOAs) with an effective wavelength tuning range of 20 nm. These devices utilize a high reflectivity micromechanically tunable Bragg mirror as the back reflector. Compared with our first generation tunable VCSOAs, the bottom-emitting devices exhibit a two-fold increase in the effective tuning range as well as a five-fold reduction in the required tuning voltage.
I. INTRODUCTION
V ERTICAL-CAVITY semiconductor optical amplifiers (VCSOAs) have numerous potential applications in fiber-optic communication systems including use as preamplifiers, optical switches, and modulators [1] . In these applications, the vertical-cavity geometry gives rise to a number of advantages including a high fiber-coupling efficiency, polarization-independent gain, decreased power consumption, the potential to fabricate two-dimensional (2-D) arrays, and the ability to test on wafer.
As small form-factor 2-D arrays, VCSOAs are a low-cost alternative to existing amplifier technologies. The inherent filtering effect of the high-finesse Fabry-Pérot cavity eliminates the need for an optical filter after the amplifier making VCSOAs ideal as preamplifiers in high bit-rate receivers [2] . For reconfigurable optical networks, it is of interest to develop widely tunable VCSOAs that can be precisely adjusted to match the wavelength of the desired input signal. Moreover, because VCSOAs operate as amplifying filters, the addition of tunability allows for the creation of wavelength agile filters with the added benefit of optical gain.
As an extension of fixed-wavelength devices, we have developed widely tunable VCSOAs through the incorporation of an integrated microelectromechanical (MEMS) actuator [3] , [4] . In contrast with temperature tuning [1] , [5] , the AlGaAs-based electrostatic actuator used in our MEMS-tunable VCSOAs (MT-VCSOAs) allows for rapid, low power, and wide wavelength tuning [6] . However, in our first generation of top-emitting devices, the use of the MEMS structure as the transmissive mirror resulted in a large variation in reflectance with tuning, limiting the effective tuning range [3] , [4] . Here, we report new bottom-emitting reflection-mode MT-VCSOAs in which the optical cavity is inverted and the MEMS-tuning structure serves as the high-reflectivity back mirror. By suppressing the variation in mirror reflectance, this configuration exhibits a two-fold increase in the effective tuning range-with a minimum of 5-dB fiber-to-fiber gain (12-dB on-chip gain) over a wavelength span of 21 nm, from 1557.4 to 1536.4 nm. Additionally, we record saturation, bandwidth, and noise properties similar to state-of-the-art fixed-wavelength VCSOAs. Through improvements to the electrostatic actuator, the maximum required tuning voltage has been reduced to 10.5 V, a five-fold reduction compared with the first generation of MT-VCSOAs [3] . GaAs quantum wells placed at the top four peaks of the standing optical wave in a cavity. In this design, the last standingwave peak overlaps with a 276-nm-thick InP heat spreading layer. The addition of the binary heat spreading layer is important as the active region incorporates absorbing 0.55% tensile strained AlInGaAs barriers. The PL peak is designed to be at 1540 nm at room temperature.
In these devices, the transmissive bottom DBR consists of 14 periods of GaAs-Al Ga As, with a theoretical power reflectance of approximately 0.94. To reduce stray reflections from the substrate to air interface, we use a SiO antireflection coating (ARC) with a measured power reflectance of 0.014 within the wavelength span of the MT-VCSOA.
From the top down, the high reflectivity MEMS-tunable mirror structure consists of 15 periods of GaAs-Al Ga As, a n GaAs membrane layer, an approximately (optical thickness in air) Al Ga As sacrificial etch layer and a n GaAs layer directly above the active region. Selective removal of the sacrificial AlGaAs layer forms the variable air gap, which acts as the first low index layer in the MEMS-tunable DBR and forms the semiconductor coupled cavity tuning structure [4] . The peak power reflectance of the top mirror is calculated to be 0.996, including the contribution of the air gap and the loss from the doped layers that make up the electrostatic actuator. For the patterned portions of this structure, we use a reduced Al content to improve the reliability of the devices. This is especially important for the nearly 2-m-thick sacrificial AlGaAs layer, where oxidation in ambient air will lead to cracking of the support material beneath the GaAs membrane.
The details of the electrostatic actuator design are covered in [4] and [6] . A reverse bias across the p -i -n diode creates a Coulomb force that displaces the membrane toward the substrate, reducing the air-gap thickness and blue-shifting the resonant cavity mode. With this actuator, it is only possible to blue shift the resonant wavelength.
The basic fabrication procedure for our MT-VCSOAs is found in [3] , [4] . The major differences in the bottom-emitting devices include the addition of an evaporated SiO quarter-wave transformer as an ARC, a revised wet etch for the selective removal of the Al Ga As sacrificial layer, and a reduction of the actuator film stress. Fig. 2 shows a schematic of the optical test setup used for our bottom-emitting MT-VCSOAs. An external cavity tunable laser diode is used as the signal source and the input signal power is controlled by a variable optical attenuator to be 35 dBm. After combining with a wavelength-division-multiplexing (WDM) coupler, both the 980-nm pump and long-wavelength signal are coupled through the bottom of the sample with a single 1550-nm fiber focuser. As seen in the inset of Fig. 2 , due to the wavelength-dependent focal length of the lens, there is a narrow range of stage positions where the pump spot size is slightly larger than that of the signal-the highlighted region is the approximate position used for testing. As the device operates in reflection, the amplified output returns through the same fiber focuser and is separated from the input signal using a circulator. All measurements are made with the output signal coupled into single-mode fiber on a calibrated optical spectrum analyzer at a resolution bandwidth of 0.1 nm. The coupling loss through the setup is measured to be approximately 7 dB, including back-coupling of the output into the focuser (5.8 dB) and the round-trip through the WDM coupler and circulator (1.2 dB). Fig. 3 presents the gain spectra of a bottom-emitting MT-VCSOA for an optical pump power of 83 mW and a stage temperature of 15 C. As seen in Fig. 3 , the device is capable of at least 5-dB fiber-to-fiber gain (12-dB on-chip gain) over a 21-nm wavelength span, with a maximum applied voltage of 10.5 V. We record a peak fiber-to-fiber gain value of 11.2 dB (18.2-dB on-chip gain) at 1548.0 nm. Investigations of the peak gain as a function of pump power reveal that 83 mW is the optimal pump level for these devices. Note that with increased pump power, the device could not be brought to lasing threshold.
III. EXPERIMENTAL TESTING AND RESULTS
By fitting the individual gain spectra with the standard relationship for a reflection-mode Fabry-Pérot amplifier, we can extract the mirror reflectance values as well as the single-pass gain as a function of the resonant wavelength of the VCSOA [4] . From theoretical fitting of the gain spectra, we find that the average single-pass gain is 3.5% over the tuning range at 83 mW. Combining this with the extracted mirror reflectance, the device is operating at an average of 97.8% of the single-pass gain required to reach threshold. In these devices, the peak gain appears to be limited by device self heating. With decreasing temperature the gain continually increases, however, low-temperature operation is limited by the ambient dew point. The pull-in instability of the electrostatic actuator is found to be the main failure mode and is also the limit of the overall wavelength tuning range. Fig. 4 presents the saturation output power and gain bandwidth properties of our bottom-emitting MT-VCSOA. We measure a maximum fiber-coupled saturation output power of 1.4 dBm at 1554.7 nm, with an unsaturated fiber-to-fiber gain of 9.2 dB (16.2-dB on-chip gain). This value is comparable to the record high saturation output power of 0.5 dBm measured for our fixed wavelength devices [7] and is attributed to the low reflectivity of the transmissive mirror and the relatively large spot sizes used in the test setup. From Fig. 4 , the average gain bandwidth of the device is 65.2 GHz over the 21-nm tuning range. Optical measurements of the amplifier noise [1] reveal a fiber-coupled noise figure of 7.5 dB for an average fiber-to-fiber gain of 9.0 dB. These properties are similar to state-of-the-art fixed-wavelength VCSOAs, confirming that the tuning mechanism does not sacrifice overall device performance. The calculated curves are based on the theoretical models in [4] .
Previously, the best peak gain performance measured for our MT-VCSOAs was at least 3-dB fiber-to-fiber gain (10-dB on-chip gain) over 11 nm using a top emitting configuration with a transmissive tunable DBR [3] . These devices required large variations in pump power to maintain a constant signal gain, due to the significant variation in reflectance ( 10%) with tuning-arising from the destructive interference of the multiple reflections within the passive air cavity [3] . By inverting the optical cavity and using the MEMS-tuning structure as the high reflectivity mirror, we see a significant increase in the width of the peak gain envelope, as in Fig. 5 , due to the more constant mirror properties with tuning, as predicted in [4] . For the bottom-emitting devices, the tunable mirror reflectance varies from a maximum value of 0.993 to a minimum of 0.986, a difference of only 0.7%. 
IV. CONCLUSION
We present bottom-emitting MT-VCSOAs with inherently superior properties when compared with top-emitting devices utilizing a transmissive tunable mirror. The bottom-emitting devices incorporate a high reflectivity tunable DBR in order to suppress the variation in mirror reflectance with tuning. This configuration exhibits a minimum of 5 dB of fiber-to-fiber gain (12-dB on-chip gain) over 21 nm of tuning, with a constant pump power of 83 mW. Furthermore, we record a peak fiber-to-fiber gain of 11.2 dB (18.2-dB on-chip gain), a maximum saturation output power of 1.4 dBm, and an average gain bandwidth and noise figure of 65.2 GHz and 7.5 dB over the wavelength span, comparable to the current state of the art in fixed-wavelength VCSOAs-with the added flexibility of wide wavelength tuning.
